The relationship between rRNA gene dosage, rRNA synthesis and various phenotypic characters was studied in environmentally induced phenotypically and genetically distinct flax lines. Large (L) and small (S) types had 2210 and 1110 rRNA genes respectively, assessed by rRNAJ DNA hybridization. The mean fresh weight of mature L and S plants was 165 g and 98 g, respectively.
INTRODUCTION
HIGHER plants exhibit a wide variation in the number of genes coding for ribosomal RNA (rRNA). The sequence varies in number from about 1000 to about 32,000 copies per nucleus in different species (Ingle et a!., 1975) .
In general there appears to be no correlation between gene dosage and the amount of gene product. Hyacinth, for example, with 16,700 gene copies accumulates a very similar amount of RNA per root cell as artichoke which has only 1580 copies of the gene (Timmis and Ingle, 1975b) . Clearly a whole range of efficiency of utilization of rRNA genes exists in higher plants. In addition to these observations, it has been shown using euploid and aneuploid varieties of hyacinth, that whole nucleolus organizing chromosomes may be removed from the complement without causing any decrease in amount of rRNA accumulated per cell (Timmis and Ingle, 1975b) . Similarly, the addition of a nucleolus organizing chromosome using a line trisomic for this chromosome, does not increase rRNA accumulation. These experiments illustrate that large positive and negative distortions of up to 50 per cent in rRNA gene dosage are not reflected in the amount Present addresses: * The Regional Technical College, Athione, Co. Westineath, Ireland; t Research Laboratories, A. Guinness and Co. Ltd., St. James' Gate, Dublin, Ireland; To whom reprint requests should be sent.
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of that gene product. The inference is that rRNA genes are redundant in a true sense, at least in root cells. Hyacinth rRNA gene multiplicity is however one of the highest recorded and the ability of this species to tolerate aneuploidy is atypical. It may be that plants with low rRNA redundancies do show quantitative regulation of rRNA accumulation. Such control has been clearly demonstrated in Drosophila (Ritossa et al., 1966; Weinmann, 1972) where rRNA gene numbers are very much lower.
The environmentally induced genetically different lines of flax (Durrant, 1958 (Durrant, , 1962a Joarder et a!., 1975) are suitable material to test for the control of rRNA production by specific rRNA gene dosage for a number of reasons. Flax rRNA gene redundancy is very low compared with hyacinth and at the low end of the spectrum observed in plants (Ingle et a!., 1975) . There are positive correlations reported for flax genotrophs between plant vigour, nucleolar size, nuclear RNA content, and rRNA gene redundancy (Timmis and Ingle, 1973, 1975; Joarder et a!., 1975; Frankham, 1977) . These correlations suggest that in the flax lines the rate of accumulation of rRNA is a limiting factor for plant growth rate and final yield. There are, however, a number of valid reasons to suspect that the changes in rDNA content are not causal to the process of environmentally induced genetic changes in flax and that the correlations referred to above are fortuitous (Cullis, 1976 (Cullis, , 1977 (Cullis, , 1979 . In the following we report the results of experiments designed to fully investigate the relationship between phenotype and rRNA gene dosage in six environmentally induced lines of flax differing in various combinations of plant vigour, nuclear DNA content and rRNA gene dosage. Appropriate material is further used to test the hypothesis that phenotypic vigour is controlled by the availability of ribosomes which is in turn subject to the rate of rRNA synthesis and the number of rRNA genes available for transcription.
MATERIALS AND METHODS (i) Plant material
Seeds of induced lines of the flax variety Stormont Cirrus were obtained from Dr A. Durrant. The nomenclature used to designate the environmental history of the lines is that of Joarder eta!. (1975) . Subscript numbers refer to the number of generations spent in T2 (growth totally outdoors), the "reverting" environment. Where subscript zero is used these lines are the fully induced original large (L0) and small (Se) genotrophs maintained in T1 (at least the first five weeks after germination spent in a heated greenhouse). Seed stocks were maintained in Dublin by growth under T1 conditions. For field experiments, the lines were planted in multipots in late April in a greenhouse, then subsequently transplanted into the field in a randomized block design with eight replicates. Various parameters were measured during growth and fresh weight was obtained at maturity.
(ii) Extraction and fractionation of nucleic acids Nucleic acids were prepared as described by Parish and Kirby (1966) . Flax DNA, purified on neutral CsCI gradients, was denatured and fixed to Millipore filters (15-20 g/filter) (Scott and Ingle, 1973) . Ribosomal RNA, prepared from rose cells cultured in the presence of (32P)-orthophosphate (150 i.Ci/mr1), was fractionated by polyacrylamide gel electrophoresis. Sections of gel containing the large and small subunit rRNAs were located, sliced into 0•2 mm slices, and the rRNAs eluted in 6 x SSC (SSC is 015 M NaC! with 0015 M Na-citrate, pH 7.2) at 50°C for 2 h (Scott and Ingle, 1973) . The specific activity of rRNA was between 0•5 and 12 x 106 cpm ig1 in different experiments.
(iii) Hybridization of rRNA to DNA The DNA filters were incubated with an equimolar mixture of labelled rRNA (5 g of 13 x 106 and 25 i.g of 07 x 106 dalton rRNAs per ml of hybridization mix) in 6 x SSC at 70°C for 2•5 h. In one experiment to determine the kinetics of hybridization, filters were removed at intervals during hybridization. The filters were washed, treated with RNAase, and the radioactivity retained determined by scintillation counting. Scintillant was removed by chloroform washing, and the DNA present on the filters was determined by hydrolysis at 100°C in 1 N HC1 for 15 mm and then determining the absorbance at 260 nm of the resulting hydrolysate.
(iv) Measurement of root growth rate Surface sterilized seeds were placed on moist paper in petri dishes under sterile conditions and germinated at 25°C±1°C. The growth rate was monitored by destructive sampling of 3 roots from replicate dishes, at intervals over an eight day period.
(v) Estimation of RNA content Roots were grown as above and ground in cold 0•5 M perchloric acid (PCA) by a mechanical teflon homogenizer designed to fit 15 ml corex tubes. After precipitation of macromolecules the samples were filtered on glass fibre discs (Whatman GFC) and washed twice with 0 5 M PCA and three times with ethanol : ether: chloroform (2 :2: 1). The filters and residue were hydrolysed in 03 M KOH for 16 hr at 25°C. After acid precipitation and removal of DNA, the 0D260 of the hydrolysate was measured. The amount of total RNA was calculated per root section assuming a tetranucleotide structure for RNA (0D260 x 31.7) (Timmis and Ingle, 1975b) . In one experiment this method was combined with a (32P)-orthophosphate label of the roots for 1 and 24 hr to determine the specific activity of the RNA accumulated in the different lines.
(vi) Measurement of the rate of RNA synthesis Roots were grown under sterile conditions as described above and great care was taken to ensure that no differences in growth were caused by microclimate. Seeds of the L and S types were grown for three days in parallel lines in pie dishes at 25°C. Samples (15 root tips) were taken from neighbouring seedlings at suitable times after addition of (3H)-adenosine (20 p.Ci/ml). The root tips were washed in cold water containing 1 mM unlabelled adenosine, blotted dry and stored in liquid nitrogen. The tissue was homogenized in 2 ml of ice cold 05 M PCA containing 1 mM unlabelled adenosine. A 20 l aliquot of the homogenate was counted on a GFC filter to assess uptake of adenosine. After precipitation on ice for 50 minutes the precipitate was collected on GFC filters and washed with a further 2 ml of O5 M PCA. The precipitate was processed as described above for the estimation of RNA and the specific activity of the RNA calculated by scintillation counting of 1 ml aqueous samples in a Triton/toluene based scintillant.
The filtrate and a standard ATP solution were mixed with well washed activated charcoal and agitated on ice for 10 mm. The charcoal with bound ATP was recovered by filtration on GFC as above and washed ten times with 5 ml of ice-cold water. The filters were then incubated for 30 mm at 37°C in 1 ml of O 1 M NH4OH in 50 per cent ethanol. The samples were air dried, redissolved in 5-10 pA of 0 1 N NaOH and co-chromatographed on cellulose plates with standard ATP preparations. The plates were developed for 4-6 hr in isobutyric acid : water: concentrated NH4OH (66 :33: 1). The slow half of the ATP spot was eluted for five mm in 1 ml of 0•04 M glycylglycine buffer (pH 7.4).
The amount of ATP was estimated by the calibrated luciferin/luciferase reaction (Humphreys, 1973) . Samples were measured within the linear portion of the reaction curve (1-5 x 10_12 moles of ATP). The specific activity of the ATP was calculated and plotted over the course of the experiment. From these figures the rate of incorporation of ATP into RNA was calculated.
(vii) 32P-orthophosphate labelling and polyacrylamide gel fractionation of RNA Seedlings were prepared as before for three days and incubated in 0.5 pM phosphate buffer (pH 6.9) containing 80 pCi/ml (32P)-orthophosphate for 1 hr (Jackson and Ingle, 1973) . Some seedlings were removed, washed in 5 p.m phosphate buffer and allowed to grow on this medium for a further 24 hr. After the 1 hr (pulse) and 24 hr (chase) treatments nucleic acids were extracted in detergent medium (Parish and Kirby, 1966) and fractionated on 24 per cent polyacrylamide gels (Jackson and Ingle, 1973) .
The gels were scanned at 265 nm, sliced into 1 mm slices, dried onto cellulose and radioactivity monitored by scintillation counting. The radioactivity histograms were accurately matched with the optical absorbance profiles by particulate ink marks in the gel.
Discontinuous (24/75 per cent) polyacrylamide gels were used to determine the contribution of rRNA to total RNA in the various flax lines (Timmis and Ingle, 1975) .
RESULTS AND DISCUSSION
(i) Characterization of the flax genotrophs In view of the complexities and obscurities associated with maintaining fully characterized flax genotrophs (Durrant, 1971) , the lines used in the following experiments on RNA metabolism were concomitantly subjected to a fully replicated field experiment designed to determine their phenotypes. The mean data in table 1 show plant weight, height, number of side branches, total shoot length and flowering time for six flax genotrophs. The variation in plant size is comparable with that reported previously (Durrant 1971) . Two of the types (L0 and L3) are generally similar to each other and significantly more vigorous than the other four types (S0, S3, L6 and S6). The reversion of L6 from large to small phenotype has been noted by Durrant (personal communication also present in roots, the length of roots of six lines was determined in two experiments between 48 and 168 hours after germination. The growth of all the lines was found to be linear from 48 hr up to 120 hr and the four phenotypically small types showed a significant (P < 0001) 40 per cent reduction in rate of root growth compared with the large types ( fig. 1) . A second experiment showed a significant (P<005) overall increase in the growth rate of both L and S phenotypes, although similar percentage differences (P <0.001) were revealed between the contrasting phenotypes. These findings and observations from subsequent experiments discussed later stress the susceptibility of flax root growth to microclimatic variations. The fluctuations may possibly be attributed to variable carry-over of sterilization agents through extensive washes or to seedling ethylene production and variation in aeration between petri dishes. Seedlings were grown in replicate petri dishes and sampled destructively at the stated times after planting. Each point is the mean of three replicates with four plants measured in each replicate. Statistical analysis showed that the growth rate of phenotypically large types L0 and L3 differs significantly (P <0.001) from the small types S, S3. S6 and L6, with no significant variation within phenotypes. The regression coefficients are 00477 00058 for large phenotypes and 00278±00017 for small phenotypes. Both regression coefficients are highly significant (P< 001 and P < Q001 respectively).
(ii) Ribosomal RNA gene numbers
The number of rRNA genes in large and small flax types has been determined previously and shown to be greater in L than S types. The existence of a causal relationship has been suggested (Timmis and Ingle, 6 L0,L3 , 1975a; Frankham, 1977) but is the subject of some controversy (Culls, 1976 (Culls, , 1977 and evidence for such a relationship is circumstantial. Further, the gene numbers published, while indicating very similar patterns,
show considerable variations in absolute estimation of rRNA sequence complementarity (cf. Cullis, 1976 and 1979) . These variations may either be of technical origin or they may be real differences resulting from further subtle environmentally controlled fluctuations. In view of the above observations the rRNA gene numbers in the plant material were determined in duplicate experiments using saturation hybridization to rRNA of very high specific activity (table 2) . The results Experiment (ii): Three filters for each genotroph, hybridized for 45 hours at 70°C in 6xSSC. * From Cullis (1976) and Timmis and Ingle (1975a) .
are comparable with previous reports although S3 appears to be particularly low in redundancy. The absolute percentage of complementarity to the sequence is similar to the early publication of Cullis (1976) but lower than those of Cullis (1979) and Timmis and Ingle (1973, 1975a) . The possibility of real differences caused by growth conditions therefore remains. In order to check the genetical stability of the sequence and the within-line variation, rRNA gene numbers were determined in individual plants of L0, S0 and their reciprocal crosses (table 3) . These results indicate between-plant variation in rDNA content (up to 45 per cent) with no evidence of generation of increased variation in the F2, and with mean equilinear inheritance of rRNA genes (cf. Cullis, 1979) . The increased variance in F1 described by Cullis (1979) and not found in the results of table 3 may be explained by genetic instability arising in heterozygotes in some environments and not in others. This is known to occur in plant weight (Durrant, 1962b) in the F1 crosses between L and S genotrophs. The presence of significant Using the regression coefficient (b) (Frankham, 1977) to determine significance of association between rRNA gene number and various (iv) Accumulation of rRNA per day in roots Table 4 shows triplicate data obtained from total RNA estimations and lengths of whole flax roots (excluding the hypocotyl) on the third and fourth days after imbibition in four selected genotrophs. The two phenotypically large types (L0 and L3) produce significantly more RNA during the period than the small types (S0 and S3). The difference in mean amount of RNA Wide variations in the kinetics of (3H)-adenosine uptake, ATP synthesis and incorporation into RNA were only removed by utilizing the most stringent methods of ensuring identical environments. The types selected for labelling experiments were grown together in large dishes and sampled as contiguous groups utilizing the whole area of the dish for each sample. In the RNA synthesis experiments which follow, the root lengths were sampled and determined to show the expected difference in root length at the time of each experiment. The root tip (0-2 mm) was selected for comparison as the most reliably homogeneous and metabolically active tissue. L and S seedlings had a constant percentage (38 per cent per cent) of total RNA was within this region at 3 days after planting. Roots of L3 and S3 types were grown together in a single dish for three days and samples of 15 roots handled as described in Material and Methods at suitable intervals up to 180 minutes after labelling with 3H-adenosine. Labelled adenosine uptake, specific activity of ATP pools and specific activity of total RNA were measured at each time. From these data the rate of incorporation of ATP into RNA was calculated. Fig. 2 shows the results of duplicate experiments with L3 and S3 lines. There are no indications of any significant variation in the rate of RNA synthesis between the two genotrophs, no difference in ATP pool size and no difference in uptake of adenosine.
(vi) Incorporation of (32P)-orthophosphate into RNA and analysis by polyacrylamide gel electrophoresis There appears to be conflict in the results described above which show, on the one hand, that more RNA is accumulated per day in the large genotrophs in a pattern which correlated with rDNA amount and, on the other hand, that no difference in the rate of RNA synthesis can be detected.
Growth in a plant root is extremely complex however, as are the events which lead to the accumulation of stable rRNA. A number of factors require consideration:
(1) The root tip, while containing highly active dividing cells, may not be representative of the whole root in its RNA synthesis.
(2) The (3H)-adenosine incorporation method is not able to distinguish between different populations of RNA. After a short labelling period no more than 50 per cent of the counts incorporated will be into rRNA and its precursors (Jackson and Ingle, 1973) . This means that rRNA synthesis measurements are heavily confused by incorporation into polydisperse RNA, 4S RNA and 5S RNA, the effects of which could only be removed by recourse to inhibitors such as a-amanitin.
As an alternative to using inhibitors, the effects of which are little documented in plants, we have studied incorporation of (32P)-orthophosphate. Phosphates have small pools in most tissues and the labelled RNAs may be fractionated on polyacrylamide gels to separate mature 25S and 18S rRNA from other RNA populations and also from their precursor molecules which are the rapidly labelled, direct transcription products of the rRNA genes (Jackson and Ingle, 1973) . Duplicate gels were run of equal loadings of total nucleic acids from the four lines L0, S0, L3 and S3 after pulse labelling seedlings with (32P)-orthophosphate for 1 hr. A second set of gels was prepared after removal of the label and incubation of the seedlings for a further 24 hr in excess unlabelled phosphate. or accumulation of mature rRNA assessed by net incorporation of 32P-orthophosphate. Indeed the reverse is the case. The two small types incorporate more radioactivity per root into pre-rRNA than the large. However the small phenotypes also incorporate more 32P into all RNA fractions and into DNA, suggesting better uptake systems or a larger meristematic region. In fact the percentage of the total RNA counts incorporated per root into pre-rRNA is greater in L0 and L3 than in S0 and S3 (table 5(b)) indicating proportionally greater transcription of rRNA genes. The pulse/chase experiments also suggest that post transcriptional controls may be more important in rRNA metabolism than transcription. The efficiency of processing the pre-rRNA into mature rRNA is clearly, and surprisingly, less in large types than small ones (table 5(b)). The L mature rRNA however appears to be considerably more stable than that of S as more counts survive the chase period. This is demonstrated by the consistently lower Radioactivity incorporated by flax genotrophs after pulse/chase incubation in (32P)-orthophosphate. Seedlings of 4 flax genotrophs were incubated in (32P)-orthophosphate (80 jiCi/mi) for 1 hr (pulse) followed by a further 24 hr period in excess non-radioactive phosphate (chase). Nucleic acids were fractionated on 24 per cent polyacrylamide gels and counts per minute in the various nucleic acid fractions determined by scintillation counting. Molecular weights are nominal values. Superscript numbers refer to ratios in Mean ratios of RNA species resolved by electrophoresis used for assessing the relative transcription, processing and stability of RN/ts in flax genotrophs. The numbers explaining the derivations of the ratios refer to the superscript numbers heading the columns of that the polydisperse RNA is also more stable in these experiments in L than S lines, indicating that the half life of most RNA molecules may be greater. These differential stabilities may affect phenotype by regulating translation of mRNA into polypeptides.
The chase experiments reported here, in common with others (Timmis and Ingle, 1975) are very inefficient; radioactivity increases up to ten fold during the chase even though the external label is removed. This factor complicates the interpretation of results as differential uptakes and replacement of pools may be interpreted erroneously. To check that our assumptions regarding differential stability of mature ribosomal RNA are valid, a further set of roots was continuously labelled with (32P)-orthophosphate without the complication of the chase effect or gel analysis of the products. In this case RNA amount was estimated by mild alkaline hydrolysis and specific activity obtained for each of the four genotrophs after 1 and 24 hrs continuous labelling. The results (table 6) correlate well with those from table 5 indicating greater specific activity of total RNA in the S lines after 1 hr but essentially no difference after 24 hrs. The aim of the work described above was to determine whether a two fold change in rRNA gene number brought about a parallel change in the product of these genes viz. rRNA. The methods used, whilst limited in their ability to detect subtle variations, are able to determine the presence of a two fold variation in rRNA transcription. Clearly quantitative variations in rRNA gene number in flax do not directly affect the amount of that gene's products in the cells. The multiple correlations also reported here, between various phenotypic characters related to plant vigour and size, may therefore be fortuitous. On the other hand rRNA accumulation rate is clearly greater in phenotypically large compared with small types and evidence indicates differences in control of rRNA and other genes. These controls however appear to be post-transcriptional and unrelated to the changes in rRNA gene number. Shermoen and Keifer (1975) showed that variation in rRNA accumulation in bobbed mutants of Drosophila melanogaster was correlated with macroscutellar bristle length but not with rDNA content. It seems likely that many rRNA genes are not transcriptionally active for various reasons including sequence heterochromatinization, the presence of intervening sequences and methylation of bases within the sequence (Givens and Phillips, 1976; Franz and Kung, 1981; Long and Dawid, 1979; Bird, 1978) .
A proportion of rRNA genes has been shown to be inactive in wheat (Flavell and O'Dell, 1979) and in maize (Givens and Phillips, 1976) . However in wheat a general correlation was reported between rDNA amount and nucleolus size (Flavell and O'Dell, 1979) . Although flax contains a low redundancy of genes for rRNA compared with most plants including wheat and maize, the number present is in considerable excess over the calculated requirements of its root tissues (Timmis et a!., 1972) .
A number of problems exist in the production of data on rRNA gene numbers. The determination of rRNA gene number relies heavily on estimates of DNA content per nucleus, usually by Feulgen photometry-a method which has known pitfalls (Bennett and Smith, 1976) . Although the difference in nuclear DNA between L and S is highly significant and has been repeated by many workers in several different laboratories with considerable consistency (Evans et a!., 1966; Durrant and Jones, 1971; Joarder et a!., 1975; Durrant and Timmis, 1973; Cullis, 1976) , the flax nucleus poses difficult problems for this sort of analysis. Indeed most of the cautionary details noted by Bennett and Smith (1976) apply to flax. The genome is very small, there are difficulties in staining the root tip tissues which is why shoot apices are normally used, and the nucleus is packed with heterochromatin. It is possible therefore that Feulgen measurements, whilst they undoubtedly reflect some difference between the L and S nuclei, should be interpreted with more caution than has so far been accorded, as to their ability to estimate absolute DNA amounts. To add weight to this argument, the only non-Feulgen estimates of DNA in flax genotrophs do not show that L has more nuclear DNA than S. Using cytofluorometric stains, Schweizer (1980) obtained rather variable results which nevertheless indicated that S nuclei bind more fluorescent dyes than L nuclei in all eight comparisons made. Assuming this binding reflects DNA amount he showed that S0 has a mean of 86 per cent more DNA per nucleus than L0-the reverse of Feulgen measurements. These results suggest that structural and organizational changes in the nuclei may be at least as important in generating apparent photometric differences as real quantitative changes. Estimates of the proportion of the flax genome complementary to rRNA are probably more unequivocal and are clearly greater in L0 than So; in the present paper we give mean values of 0454 per cent and 0340 per cent respectively. Using the data of Schweizer (1980) as nuclear DNA values combined with the mean absolute value for flax (Bennett and Smith, 1976) we obtain rRNA gene numbers of 1830 for L0 and 1500 for S. This very different rDNA estimate would completely alter the expectations for the present experiments, requiring a different approach to elucidating rRNA metabolism and rRNA gene utilization in flax. There is clearly a need to determine the presence or absence of quantitative DNA changes during induction in flax by methods other than microdensitometry.
The experiments described here underline the difficulties of elucidating the relationship of molecular events in the genome with phenotypic characters in plants. The heterogeneity of plant tissues makes such experiments difficult to perform and to interpret. Yet material for testing the sort of control investigated here is not readily available in more well defined systems. The results clearly indicate the extreme caution necessary in using and interpreting data obtained from environmentally unstable lines of flax
